ABSTRACT: Tadpoles are often considered to be predators of mosquito larvae and are therefore beneficial for the control of certain disease vectors. Nevertheless, only a few species have actually been recorded to prey on mosquito larvae. The mosquito larvae predation rates of tadpoles of three common Thai anuran species (Bufo melanostictus, Kaloula pulchra and Hylarana raniceps) were experimentally tested. Tadpoles in varying developmental stages were used to assess a size/age effect on the predation rate. In addition, different instars of Culex quinquefasciatus were used in order to assess a prey size effect on the predation rates. All three species failed to show any evidence of mosquito larvae predation. Neither small nor large tadpoles fed on mosquito larvae. Prey size also did not affect predation. Although tadpoles do not feed on mosquito larvae, there may be other direct or indirect inter-specific interactions that adversely impact the development of larvae in shared habitats with tadpoles. Journal of Vector Ecology 40 (2): 230-232. 2015.
INTRODUCTION
The tadpoles of several anuran species are known to exhibit predatory behavior (Barber 1927 , Spielman and James 1974 , Heyer et al. 1975 , Ritchie 1982 , Caldwell and Araujo 1998 . Some species feed on mosquito larvae and other aquatic invertebrates (Spielman and James 1974, Ritchie 1982) , while others feed on conspecifics (Heyer et al. 1975, Petranka and Kennedy 1999) . In contrast, the larvae of certain mosquito species have been reported to feed on tadpoles (Blaustein and Margalit 1994) . In Sri Lanka, egg predation has been observed for the tadpoles of several species; Polypedates cruciger, Bufo melanostictus, Ramanella obscura, Euphlyctis cyanophlyctis, and Hoplabatrachus crassus (Bowatte et al. 2013) . Although some species do prey on mosquito larvae, the great majority of anuran tadpoles are strictly herbivorous. It is often falsely assumed that many tadpoles are mosquito larvae predators (Kumar and Hwang 2006 , Raghavendra et al. 2008 , Ohba et al. 2011 . For example, field surveys of available mosquito larvae predators sometimes include tadpoles of unidentified species (Ohba et al. 2011 ). More worrisome is the suggestion that tadpoles in general should be considered for the biological control of mosquito larvae, while evidence is based on only a few exceptional species (Kumar and Hwang 2006, Raghavendra et al. 2008) .
Because most mosquito larvae and tadpoles feed on detritus, the limiting factor for larval mosquito populations is more likely to be competition than predation (Blaustein and Margalit 1994, Mokany and Shine 2003) . For certain mosquito-tadpole systems it has been shown that both groups reduce growth in each other's presence regardless of resource availability. Mokany and Shine (2003) suggest that certain fungi in the feces of tadpoles are causing this reduced growth rate. They also report that certain mosquito species are capable of detecting tadpole presence and avoid these habitats for ovipositing, possibly reducing competition for their offspring.
Although many tadpoles do not feed on mosquito larvae, it remains of great interest to identify which species do show predatory behavior and this might be of interest for biocontrol of disease vectors. This study describes an experimental investigation of larval mosquito predation by tadpoles of three different species: Bufo melanostictus, Kaloula pulchra, and Hylarana raniceps. It was hypothesized that predation might be dependent on predator size as well as prey size. Smaller tadpoles might not be able to feed on mosquito larvae whereas larger tadpoles might handle prey better. In small tadpoles, the mouthparts might not have developed to a size that allows a tadpole to feed on mosquito larvae. In addition, smaller prey could possibly be handled easier than larger prey.
MATERIALS AND METHODS
The predation of mosquito larvae by the tadpoles of three different anuran species from Thailand was investigated. The species K. pulchra, B. melanosticus, and H. raniceps were used because these are common in Thailand and are often found in urban areas where mosquito vector control is most important because of the higher disease incidence. Frog eggs were collected from different water bodies in an urban area in Muang Kamphaeng Phet, Thailand. The eggs were reared in 50 x 30 x 7 cm plastic containers. All eggs of the same species hatched on the same day. In between experiments, tadpoles were fed a low protein vegetarian diet consisting of sliced cucumber. Cucumbers were peeled in order to remove any pesticide residue that could potentially affect tadpole health. Once the tadpoles reached an age of ten days, they were identified to species with appropriate identification keys (Heyer 1971 , Jaafar et al. 2009 ). Because it was not possible to identify H. raniceps at this stage using the identification keys, several specimens of this species were reared to adults after which they could be positively identified.
It was expected that in the case of larval predation, the feeding rate would be dependent on the size or age of the tadpoles, prey size and prey density. Single tadpoles of each species were placed in ten 1.5 liter cylindrical plastic containers filled with 1 liter of rain water. Rainwater was collected from a roof and was filtered in order to remove any organic matter that could function as an additional food source for the tadpoles. To each container of Culex quinquefasciatus larvae were added at different densities: three containers with ten larvae, four containers with 20 larvae and three containers with 30 larvae. Mosquito larvae were collected from various water-filled containers in an urban area in Muang Kamphaeng Phet and were identified using the keys provided by Rattanarithikul et al. (2005) . Different instars of Cx. quinquefasciatus larvae were randomly mixed.
For each container, we noted the number of 1 st and 2 nd instar larvae and the number of 3 rd and 4 th instar larvae. After the larvae were added, the time was recorded, and after 24 h the remaining mosquito larvae were counted. The number of remaining larvae was subtracted from the total number of larvae at the start of the experiment to get the number of killed mosquito larvae for each experimental unit. The experiment was repeated for tadpoles of different developmental stages. For K. pulchra, eight and 18 day-old tadpoles were used, which corresponded with Gosner stages 25-28 and 35-37 respectively (Gosner 1960) . Bufo melanostictus tadpoles were also eight and 18 days old, corresponding to Gosner stages 29-33 and 40-42. For H. raniceps, only older tadpoles were used because of the negative results from the previous species (30 days; Gosner stage 36-39). The containers were exposed to indirect sunlight and ambient temperatures ranged between 25º C during the night and 34º C during the day. Behavioral observations were made during the first 20 min of each experiment, recording the number of successful and unsuccessful attacks. Due to a lack of evidence for mosquito larvae predation, no quantitative statistical analyses were conducted to assess tadpole age, prey density and prey size effects. The mean predation rate was calculated for each species-age combination while not differentiating between the prey density treatments.
RESULTS
The number of mosquito larvae was in most cases the same before the experiment as it was after 24 h. Tadpole age/ Gosner stage did not have an effect on predatory behavior. In a few cases, the number of mosquito larvae was reduced to one to three larvae. The mean (± standard deviation) mosquito larvae reduction for K. pulchra was 0.4 (±1.0) for Gosner stage 25-28 tadpoles and 0.5 (±1.0) for Gosner stage 35-37 tadpoles. For B. melanostictus, the mean larval mosquito reduction was 0.5 (±0.7) and 0.1 (±0.3) for Gosner stage 29-33 and 40-42 tadpoles, respectively. The mean reduction for Gosner stage 36-39 H. raniceps tadpoles was zero. The median mosquito larvae reduction was zero for all treatments. Direct attacks on mosquito larvae were not observed for tadpoles of all three species in all different Gosner stages.
DISCUSSION
The results showed that tadpoles of B. melanostictus, K. pulchra and H. raniceps do not feed on Cx. quinquefasciatus larvae. Predation of mosquito larvae was not dependent on tadpole age nor on mosquito larvae size. Although sometimes assumed to be larval mosquito predators, most tadpoles do not seem to feed on mosquito larvae (Willems et al. 2005 ). This does not only have direct consequences for using tadpoles as biological control agents, but also on the natural control of mosquito populations. It is likely that mosquito larvae are also not a food resource in natural systems.
Predatory tadpoles often have enlarged mouthparts and notched beaks that aid in the manipulation of food, but most have mouthparts that cannot manipulate food (Heyer 1973) , and mosquito larval predation is therefore unlikely. The mouth of K. pulchra, for example, consists of a small gape that is slightly upward directed, indicating it might be a surface feeder. The slight reduction in mosquito larvae (up to 0.5 larvae per day) can be explained by other factors than predation by tadpoles. For instance, as certain mosquito larvae are predacious, the larger 3 rd and 4 th instars could feed on the smaller 1 st and 2 nd instar larvae. However, conspecific predation by mosquito larvae was not observed during the experiment. In addition, it might have occurred that a few 1 st and 2 nd instar larvae were missed when counting the numbers after the experiment. First instar mosquito larvae are very small and could have easily been overlooked.
Although the tested tadpoles did not feed on mosquito larvae, they should not be excluded as potential biological control agents. Tadpoles of one of the studied species (B. melanostictus) as well as tadpoles of other anuran species have been shown to feed on Aedes aegypti eggs (Bowatte et al. 2013) . It is likely that of the other species, at least K. pulchra is also an egg predator, because during field surveys mosquito larvae are often absent from water storage containers that are colonized by this species (personal observations). Nevertheless, there are other mechanisms that could underlie this pattern such as competition or competition avoiding oviposition site selection (Blaustein and Margalit 1994, Mokany and Shine 2006a, b) . Future research should focus on these alternative roles of tadpoles in the control of mosquito populations. Egg predation should be further investigated because this might be more widespread than what is currently known. Furthermore, the role of K. pulchra should be elucidated because this species is very abundant in residential areas in Thailand and has a strong overlap in seasonality with many mosquito vectors (Berry 1964 , Chareonsook et al. 1999 .
